High-order soliton in anomalous-dispersion ultrafast fiber lasers is rarely researched due to its intrinsic instability in dissipative systems. For the first time, we numerically demonstrate the ultrafast pulse in fiber lasers will deviate from the fundamental soliton under strong pulse energy before splitting into multiple pulses. High-order soliton effect results in the single-pulse splitting into the dual-pulse. Sustaining switching between the single-and dual-pulse induced by the high-order soliton evolution and cross-gainmodulation was observed and analyzed. The results offer significant and novel insights for the soliton shaping dynamics and instability in anomalous-dispersion fiber lasers.
Introduction
Solitons in nonlinear optics are stable and localized structures with balances of dispersion, nonlinearity, gain and loss, which have been widely researched in mode-locked lasers and nonlinear resonators [1] - [3] . Conventional solitons (CSs) in fiber lasers are formed with the balance between anomalous-dispersion and Kerr nonlinearity [4] - [8] . It is a consensus that CSs in fiber lasers will split or collapse with high pulse-energy due to the limited gain bandwidth [9] - [12] or the peak-clamp-effect [13] - [15] . Dispersive-waves (DWs) radiation with discrete frequencies are shed by the CS in a fiber laser due to the pulse shaping towards a fundamental soliton under periodic perturbations in the cavity, which are known as Kelly sidebands [4] . DWs can bind two separated solitons, forming stable multiple-soliton patterns in dissipative systems [16] , [17] .
In the past years, the splitting of a CS into a dual-pulse is attributed to two mechanisms, one is limited spectral bandwidth [9] - [12] , the other is the peak-clamped-effects [13] - [15] . The former means that the pulse with strong energy and broadband spectrum suffers spectral-filtering-loss by the limited gain bandwidth or other filters. The DWs or continuous waves (CWs) can be shaped into a new pulse, interacting with the CS through cross-gain-modulation (XGM) until they reach an equilibrium. For the second mechanism, the pulse with strong energy will drive the non-monotonic saturable absorber (SA) into a negative feedback region, resulting in the CS decaying and the amplification of the DWs or CWs. Although the two mechanisms are different, they both have a similar process for the new pulse formation, i.e. the suppression of the original pulse and the amplification of the new pulse from background noises. In recent experiments of the build-up dynamics of the solitons or soliton-molecules, it is found that there exists a switching between the single-and dual-pulse states before the final state formation [18] - [21] . The experimental dynamics of the CS splitting in [18] shows that there is no pulse-shaping of the background noises but direct splitting from the original CS. The simulation in [20] also has a similar splitting behavior. It is necessary to understand the mechanism of the splitting and recovery of the single pulse in such transient processes. The existence of other possible mechanisms for the soliton splitting in ultrafast fiber lasers remains an open and interesting question.
High-order solitons (HOSs) experience periodic breathing and splitting in single-mode fibers (SMFs) [22] - [25] , whose periods depend on the temporal width and dispersion [22] . HOSs are sensitive to perturbations such as the third-order dispersion (TOD) and intrapulse-Raman-scattering (IRS), which will split into several solitons with different wavelengths and velocities [26] - [29] . The fission of the HOSs has been used to generate supercontinuum in photonic crystal fibers (PCFs) [26] , [27] , [30] . As a HOS can split into many pulses when it is perturbed in a conserved system such as a PCF or SMF, we speculate that such a process is more easily triggered in a dissipative system such as an ultrafast fiber laser. In fact, the HOS has been theoretically demonstrated in a dispersion-managed ultrafast fiber laser, where the pulse-breaking-recovery in the normal-dispersion fiber is the key for the HOS self-consistent in the cavity [31] . Similar experiment in [32] demonstrated the wave-breaking of the pulse can be recovered in a dispersion-managed mode-locked fiber laser. In a vector soliton fiber laser, a fundamental soliton can couple with a HOS at its orthogonal polarization through cross-phase-modulation and fourwave-mixing [33] .
Based on our previous work on the HOS in a dispersion-managed fiber laser [31] , we are interested in whether the pulse splitting in CS fiber lasers can be induced by the HOS evolution at all-anomalous-dispersion (AANDi). As there is no mechanism for the pulse-breaking-recovery of the HOS at AANDi, the pulse splitting induced by the HOS might result in the formation of dual-pulse or multiple pulses, however, this has not been demonstrated theoretically or experimentally. From another aspect, pulses in anomalous-dispersion fiber lasers are usually regarded as quasi-stationary pulses across the cavity while maintaining the fundamental soliton state, which can be researched by the averaged-soliton model [4] - [9] . We think such a pulse will deviate from the fundamental soliton state and experience strong breathing in the cavity if it is near the threshold of dual-or multiple-pulse formation, however, no research has been proposed on this issue. Numerical simulation can offer intra-cavity dynamics of the CS fiber lasers, which is useful to understand the soliton shaping dynamics. The CS in the fiber lasers also belongs to the dissipative soliton, however, it features more characteristics of the CS. In this paper, the soliton refers to the CS, which is balanced by the anomalous-dispersion and Kerr-nonlinearity.
In this paper, we demonstrate the existence of the HOS as well as its dynamics in AANDi fiber lasers for the first time. We find that a dual-pulse after the single soliton splitting will experience partial annihilation into a single soliton state by cross-gain-modulation (XGM) or evolve toward a stable soliton molecule depending on the pump energy of the cavity. The soliton splitting and dual-pulse annihilation can continuously sustain when the pump energy is between those of the single soliton and dual-pulse. Our results are significant for understanding the HOS dynamics in dissipative systems and the limitation of the stability of the ultrafast lasers induced by the nonlinear dynamics.
Model and Parameters in Simulations
The schematic laser model used in our simulation is shown in Fig. 1 . The cavity includes 1 m Er-doped fiber (EDF), a piece of single-mode fiber (SMF), a 10:90 output coupler (OC) and an SA. Our simulation ran from the EDF to the SMF in each round as shown in Fig. 1 . The pulse propagating in the laser cavity is described by the complex Ginzburg-Landau equation (CGLE) [28] :
Where u represents the amplitude of the optical field and T is the retarded time. β 2 is the groupvelocity dispersion, which has value of −44 and −22 ps 2 /km in EDF and SMF, respectively. γ is the nonlinearity of the fiber, which is 4.7 and 1.3 W −1 km −1 in EDF and SMF, respectively. represents the gain bandwidth of the EDF and the full width of half maximum (FWHM) of the gain bandwidth is 20 nm in our simulation. g is the gain of the EDF, which is represented by:
Where g 0 is the small signal gain of the EDF, which is 5 m −1 . Es is the saturable energy of the gain fiber, which has the unit of energy and depends on the pump power. So we call it the pump energy in this paper for simplification. The transmission function of the amplitude of the lumped SA is represented by:
Where α s and P s are the modulation depth and saturation power of the SA, which are 0.7 and 100 W in our simulations, respectively. We use the symmetric split-step Fourier method to implement our simulations. We ran the programs for at least 100000 roundtrips (RTs) for each case in our simulations. The initial condition was a weak short pulse. We also use other initial conditions such as the white noise, the obtained results have no intrinsic difference with those of the initial weak pulse.
Results

Deviation From the Fundamental Soliton Before the Pulse Splitting: 8 m Cavity Length
In this section, we set the length of SMF to be 7 m and the total cavity length to be 8 m, and research the soliton dynamics by increasing the pump energy. We can obtain from Figs. 2(a) and 2(b) that the formed pulse was a single soliton and a dual-pulse for pump energies of 134 and 135 pJ, respectively. Thus the soliton in Fig. 2(a) is the strongest single-pulse under current cavity parameters. We can see clear DWs in Fig. 2 (a) and 2(b), which means strong pulse-shaping processes. The spatio-temporal evolution of the soliton at pump energy of 134 pJ in Fig. 2 (c) shows that the soliton is breathing in the cavity, which is different from the conventional soliton with quasi-stationary state [4]- [7] . In order to view the intra-cavity dynamics, we calculated the soliton-order and FWHM evolution across the cavity. The soliton-order at each position was calculated by:
Where N, γ , P, 1.763T0 and β 2 are the soliton-order of the pulse, Kerr nonlinearity of the fiber, peak power of the pulse, FWHM of the pulse and dispersion of fiber at the current position, respectively. It is seen in Fig. 2(d) that the soliton-order deviated from 1 in the EDF with a maximum value of 1.532, which means the pulse in the EDF didn't behave like a fundamental soliton. An abrupt decreasing of the soliton-order happened at the junction of the EDF and SMF due to the changing of the nonlinearity and dispersion, however, the nonlinear narrowing didn't abruptly stop but continued as shown in Fig. 2(c) . The soliton-order at the beginning of the SMF is 0.83 and gradually increased due to the soliton-shaping. The shaping process was accompanied by the strong DWs radiation as we can see from Fig. 2(c) . The maximum and minimum FWHM of the soliton were 368 and 178 fs, respectively, with a breathing ratio of ∼2.07. Such a large breathing ratio for the CS has also been numerically observed in an ultra-long laser cavity [34] , however, the case in [34] has dispersion-management and the strong pulse narrowing is mainly caused by the positively-chirped pulse narrowing in the SMF. The breathing of the CS in Fig. 2 (c) and 2(d) was caused by the nonlinear soliton shaping, which is similar to the HOS evolution in our previous work [31] . In addition, the pulse energy in the cavity ranged from 220 to 354 pJ, which is larger than the typical ∼100 pJ pulse energy in the CS fiber lasers. Fig. 2 (f) were 455 and 390 fs, respectively, which means the soliton at low pump energy was quasi-stationary except the amplitude variation. The soliton-order increased monotonically in the EDF with a maximum value of 1.3 due to the amplification of the peak power while converging toward 1 in the SMF. The energy of the CS in the cavity ranged from 88 to 140.5 pJ, which is the magnitude of the ∼100 pJ pulse energy of CS. In summary, the soliton with low energy in the cavity is quasi-stationary while the soliton with high energy will deviate from the fundamental soliton and experience nonlinear breathing due to the soliton shaping.
From Period-Doubling-Bifurcation to Soliton Molecule Formation: 6 m Cavity Length
3.2.1 Period-Doubling Before the Single-Pulse Splitting: The fiber laser with long cavity can tolerate stronger single-pulse energy than that of the short cavity because the length is long enough for the soliton to realize its self-consistent shaping [34] . A typical phenomenon in nonlinear optical system is the period-doubling-bifurcation (PDB) [35] - [39] , where the period of the wave doubles when the parameters of the system are adjusted to a certain level. In our simulations, we found the PDB of a soliton can only be observed with cavity length shorter than 6.6 m. As the PDB means a strong soliton shaping process, the intra-cavity dynamics is deserved to be explored, which might also deviate from the CS. In this section, we decreased the length of the SMF to 5 m to research the nonlinear dynamics of the short cavity.
The single-pulse state sustained with the pump energy from 15 to 81 pJ while the PDB emerged from 82 to 114 pJ. The dynamics of the soliton PDB at the pump energy of 114 pJ is shown in Fig. 3 . From the peak power evolution in Fig. 3(a) and its inset, one can see the pulse experienced a PDB evolution. The PDB is an intermittent state between the single-and dual-pulse states in fiber lasers. The spectral evolution in Fig. 3(b) shows the alternation of the dip and peak sidebands. The dip-type sidebands were caused by the local destructive interference between the strong DWs and soliton [40] , which were obvious when the DWs are strong. The amplification of the spectral sidebands manifested as the strong DWs radiation in temporal domain as one can see in Fig. 3(c) . The soliton in Figs. 3(b) and 3(c) realized its self-consistent over twice the cavity length. The pulse shaping as well as the intensity of the DWs were weak in period-1 (P1) and strong in period-2 (P2) in Fig. 3(c) . The breathing ratio of the soliton over two periods was 2.97 with the maximum and minimum FWHMs of 427 and 126 fs, respectively. The breathing of the soliton mainly happened in P2 while the soliton kept quasi-stationary in the SMF of P1, thus the PDB has two processes, one is the strong pulse shaping, the other is the quasi-stationary fundamental soliton evolution. The broadest and narrowest pulse states in Fig. 3 (e) shows clear and strong pulse breathing across the cavity. Their spectra in Fig. 3(f) indicate the nonlinear spectral broadening of the soliton. By comparing Fig. 3 (b) and 3(c), we can find that the nonlinear compression of the pulse corresponds to the nonlinear broadening in the frequency domain. In summary, we can confirm the singlepulse in soliton fiber lasers experiences strong soliton shaping and deviates from the fundamental soliton.
Switching Between Single-and Dual-Pulses:
Slightly increasing the pump energy to 115 pJ, the pulse evolution that is similar to the switching between the single-and dual-pulses during the build-up of mode-locking happened [18] - [21] . We use the term of the dual-pulse instead of the soliton molecule or the bound-state pulse due to the instability of the dual-pulse state here. Different from the final stable mode-locking in [18] - [21] , in our case the switching sustained without convergence. The shot-to-shot temporal evolution in Fig. 4(a) shows that the pulse chaotically switching its states. The single-pulse is robust against the strong DWs and its splitting is not induced by the amplification of the DWs in the background as shown in Fig. 4(a) . The dual-pulse had different internal separations after different events of the single-pulse splitting. The intensity profiles at the 150th and 227th RTs in Fig. 4(b) show that the single-pulse had obvious DWs at its edges while the DWs of the dual-pulse were weak, which can be seen clearly in the inset of Fig. 4(b) . The strong DWs resulted in the strongly resonant sidebands of the single-pulse state, which can be seen in Fig. 4(c) . The sidebands of the spectrum at the 150th RT in Fig. 4(d) are stronger than the center of the soliton, indicating the strong soliton shaping while no obvious resonant sidebands can be observed for the dual-pulse at the 227th RT.
The shot-to-shot evolution in Fig. 4 is not enough to understand the dynamics of the chaotic state. The intra-cavity evolution from the 257th to 306th RTs in Fig. 4 is shown in Fig. 5 , where Fig. 4: (a) spatio-temporal evolution, (b) intracavity evolution of the pulse energy of PA and PB, and their energy. Insets in Fig. 5(b) is the local enlargement portions of the energy difference evolution. the dual-pulse annihilated into the single-pulse. The survived and annihilated pulses are marked with PA and PB for simplification, respectively. We can see from Fig. 5 (a) that PA shed strong DWs after the annihilation of PB. As PA and PB had large separation (>3.47 ps) that is 10 times larger than the FWHM of both PA and PB (301.8 to 330 fs), the annihilation of the dual-pulse is different from that between two adjacent solitons [25] . What's more, there is no fusion of the two solitons similar to the case in [20] , [21] . PA and PB interacted with each other through incoherent effects instead of the direct overlapping with their tails. The energies of PA and PB, and the energy difference between PA and PB are shown in Fig. 5(b) . We can see clear gain competition between PA and PB. Two insets in Fig. 5(b) indicate that the suppression of PB was induced by the EDF while no obvious competition existed in the SMF. From Eq. (2), we can understand that there is XGM between the PA and PB induced by the saturation of the EDF. Such a partial annihilation of the dual-pulse has similar property to that observed in the build-up of mode-locking [18] .
In addition to the partial annihilation of the dual-pulse, the single-pulse splitting into the dual-pulse is another important issue. The intra-cavity evolution from the 147th to 176th RTs in Fig. 4 is shown in Fig. 6 . We can get from Fig. 6(a) that the single-pulse experienced strong pulse shaping before its splitting, which is accompanied with the strong DWs radiation. The spectra evolved from the single-pulse state with sidebands to the dual-pulse with modulated fringes in Fig. 6(b) . We can see a spectral hole emerged before the pulse-splitting, which is an important clue to understand the pulse splitting. The soliton-period [25] of the pulse was shorter than the cavity length before splitting as we can get from Fig. 6(c) . The splitting began when the soliton period was larger than the cavity length. This means that the periodic-cavity condition will disturb the soliton evolution of the pulse, thus resulting in the splitting of the single-pulse. The soliton-order of the pulse in Fig. 6(d) surpassed 2 before splitting. The intensity profiles of two marked positions in Fig. 6(d) are shown in Fig. 6(e) . The soliton at 1.52 m of the 22nd RT has side lobes, which is one of the typical properties of the HOS compression. The corresponding spectrum in Fig. 6(f) has the spectral hole, confirming the HOS properties [22] - [25] . So the origination of the single-pulse splitting is now clear: the HOS evolution results in the soliton splitting. This evidence of the soliton-splitting induced by the HOS hasn't been revealed in the past.
The pulse with the highest soliton-order is 2.324 with an FWHM of 693 fs at the position of 120.9 m in Fig. 6(d) . In order to compare the HOS in dissipative system and SMF, we inject this pulse into a piece of SMF as shown in Figs. 7(a) and 7(b) . The dynamics of the HOS evolution in SMF as well as the HOS evolution marked in Fig. 6(a) are also shown in Fig. 7 (c) and 7(d) for comparison. We can get from Fig. 7(a) that the HOS in the SMF generates peak pair after each nonlinear compression. The spectrum evolution of the HOS in Fig. 7(b) has spectral holes, which is Fig. 6(a) , (e) intensity profiles of the pulse at the marked position in Fig. 6(d) , (f) the corresponding spectra in Fig. 6(e) . Fig. 7 . Comparison between the HOS evolution in a piece of the pure SMF and in the laser cavity from 147th to 176th RTs in Fig. 4: (a) spatio-temporal evolution of the HOS in the SMF, (b) spatio-spectral evolution of the HOS in the SMF, (c) intra-cavity spatio-temporal evolution of the HOS from 147th to 176th RT, (d) intra-cavity spatio-spectral evolution of the HOS from 147th to 176th RT, (e) temporal intensity profile and spectrum of the HOS in the pure SMF at the position marked in Fig. 7(b ). (f) temporal intensity profiles of the HOS with peak pair in the pure SMF, (g) temporal intensity profiles of the HOS with peak pair in the laser cavity. the characteristics of HOS evolution [22] - [25] . Similarly, the HOS in fiber laser generates peak pair after its nonlinear compression in Fig. 7(c) . However, the pulse with peak pair in uniform SMF will recover to the smooth single-pulse while the peak pair in fiber laser will experience amplification into dual-pulses, which is shown in Fig. 7(c) . The spectrum also has spectral hole during the evolution in the fiber laser in Fig. 7(d) . The soliton with the spectral hole in the uniform SMF marked in the position in Fig. 7(b) has temporal sidelobes, which is shown in Fig. 7(e) . Such temporal lobes are similar to those in Fig. 6 (e) and 6(f). The pulse with peak pair at different positions in the SMF is shown in Fig. 7(f) , which is similar to that in the fiber laser in Fig. 7(g) . The results in Fig. 7 further confirm that the soliton splitting into dual-pulse in Fig. 6 is induced by the HOS.
It is well known that the HOS with soliton-order larger than 2 will experience periodic splitting and recovery. Such a periodic behavior can be easily destroyed by perturbations such as the IRS and TOD, resulting in multiple solitons formation in the PCF [26] , [27] . In dissipative systems with cavity boundary condition as well as periodic perturbations, the periodic evolution of the HOS will also be destroyed. The HOS will split into dual-or multiple-pulse in dissipative systems if no mechanism can recover the pulse splitting. In [31] , we found that the fiber with normal-dispersion can recover the split HOS through nonlinear-chirp compensation. Similar mechanism can be used to realize the pulse breaking recovery in fiber lasers [32] . In summary, the HOS results in the single-pulse splitting into the dual-pulse while the XGM between two pulses results in the partial annihilation of the dual-pulse into the single-pulse. The single-and dual-pulses chaotically transformed into each other when the pump energy is between the stable single soliton and soliton molecule.
Generation of the Soliton Molecule:
The chaotic switching between the single-and dualpulse sustained when the pump energy was below 138 pJ. The ratio of the dual-pulse state increased as the pump energy increasing. The stable dual-pulse emerged when the pump energy was increased to 139 pJ. To check the HOS induced soliton splitting is universal in the current laser model, we researched two cases with pump energies of 138 and 139 pJ in Fig. 8 and Fig. 9 , respectively. We can get from Fig. 8(a) that the dual-pulse occasionally annihilated into the single-pulse and quickly recovered to the dual-pulse state. The generated dual-pulse after different events of the pulse splitting had different internal separations and lifetimes. The intra-cavity evolution in Fig. 8 (b) and 8(d) has characteristics similar to those in Fig. 6 , i.e. the strong nonlinear breathing and strong DWs radiation. The pulse splitting happened only when the soliton-order was larger than 2, which is clearly seen in Fig. 8(b) and 8(d) . The spectral hole in Fig. 8 (c) and 8(e) confirmed the HOS evolution.
The soliton molecule can be obtained at the pump energy of 139 pJ, which is shown in Fig. 9 . The initial weak pulse evolved into a vibrating soliton molecule before ∼250th RT. The vibrating soliton molecule was unstable and experienced two cycles of the dual-pulse annihilation and single-pulse splitting. After the dual-pulse generated at the 530th RT, two solitons adjusted their separation appropriately until a stable soliton molecule was formed at the 650th RT. The intra-cavity evolution of the two single-pulse splitting processes marked in Fig. 9 (a) are shown in Fig. 9 (c) and 9(d), respectively. We can confirm that all the single-pulse splitting processes were triggered by the HOS evolution with soliton-order larger than 2. The soliton before each splitting experienced strong pulse shaping from the FWHM evolution in Fig. 9 (c) and 9(d). Fig. 9 (e) shows the soliton molecule has asymmetric amplitudes, which results in the slipping of the interference fringe of the spectral evolution in Fig. 9(b) . Further increasing the pump energy can generate symmetric and phaselocked soliton molecules.
Discussion
Fundamental solitons are regarded as nonlinear attractors for the ultrafast fiber lasers working at anomalous-dispersion [6] . The properties of the CS in mode-locked fiber lasers can be described by the master-equation [8] , which is based on the assumption that the CS in the cavity is quasistationary. In this paper, we prove that the above theory is not applicable in the CS with high energy, where the soliton-order of the pulse can reach more than 1.5 in the cavity. The soliton experiences Fig. 8 . Dynamics of the pulse with PDB with 138 pJ pump energy and 6 m cavity length: (a) shot-to-shot spatio-temporal evolution, (b) intra-cavity spatio-temporal evolution of the marked portion in Fig. 8(a) , (c) intra-cavity spatio-spectral evolution of the marked portion in Fig. 8(a) , (d) intra-cavity evolution of the soliton-order and FWHM of the marked portion in Fig. 8(a) , (e) two single-shot spectra at different positions in Fig. 8(c) . Fig. 9 . Dynamics of the pulse with PDB with 139 pJ pump energy and 6 m cavity length: (a) shot-toshot spatio-temporal evolution, (b) shot-to-shot spatio-spectral evolution, (c) intra-cavity evolution of the soliton-order and FWHM of the marked portion in Fig. 9(a) , (d) intra-cavity evolution of the soliton-order and FWHM of the marked portion in Fig. 9(a) , (e) intensity profile of the soltion molecule at the 700th RT. strong nonlinear breathing due to the soliton compression and stretching, which differs from the quasi-stationary CS in fiber lasers at low pulse energy.
Deviation from the fundamental and quasi-stationary soliton results in the soliton shaping process for the self-consistent in the laser cavity, which might be difficult to be realized in the short cavity. PDB emerges when the soliton needs a longer propagation distance to realize the self-consistent. Although PDB widely exists in nonlinear systems, our research and explanation help one to understand the specific mechanism of the PDB in anomalous-dispersion mode-locked lasers.
When the order of the soliton exceeds 2, HOS splitting occurs, which is not stable in a dissipative system with periodic gain and loss, and thus the dual-pulse is generated. In this case, the wellseparated two pulses can interact with each other through the XGM. The dual-pulse will evolve into the partial annihilation or a stable soliton molecule depending on the pump energy. If the pump energy can't support the stable soliton molecule, one of the soliton annihilates while the survived soliton experiences amplification and HOS evolution, and then pulse splitting happens again. Such a process repeats chaotically without the formation of the stable single-soliton or soliton molecule. This mechanism might be responsible for the chaotic switching between the single-soliton and dualpulse during the build-up of mode-locking in lasers at anomalous-dispersion [18] - [20] . By setting the pump power between the stable single-and dual-pulse states, we might find the predicted phenomenon in the experiments.
In our paper, no peak-clamp-effect was introduced by the SA [13] - [15] . Although the gain bandwidth of the EDF was 20 nm, which might impose spectral filtering on the soliton, our results clearly confirmed the soliton splitting is not induced by the amplification of the DWs or noises in the background. Pulse splitting was generated by directly shaping the temporal peak pair of the HOS.
Summary
We numerically demonstrate that the soliton in an anomalous-dispersion fiber laser deviates from the quasi-stationary fundamental soliton when the soliton has high pulse energy. The HOS in the CS fiber laser can induce chaotic switching between the single-and dual-pulse or stable soliton molecule generation. Up to now, the HOS evolution in both all-anomalous-dispersion and dispersion-managed ultrafast fiber lasers has been numerically investigated. Our research reveals the effect of the HOS on the stability of the soliton fiber lasers. Our results have potential in the optimization of the high pulse-energy soliton fiber laser designing and the generation of the random bits in optical systems. Further research will focus on the experimental founding of the transient dynamics induced by the HOS through real-time measurement.
